Benzaldehyde and its metabolic intermediates were effectively degraded by the brown-rot basidiomycetes Tyromyces palustris and Gloeophyllum trabeum. The pathway of benzaldehyde degradation was elucidated by the identification of fungal metabolites produced upon the addition of benzaldehyde and its metabolic intermediates. The oxidation and reduction occurred simultaneously, forming benzyl alcohol and benzoic acid as major products. Hydroxylation reactions, which seemed to be a key step, occurred on benzaldehyde and benzoic acid, but not on benzyl alcohol, to form corresponding 4-hydroxyl and 3,4-dihydroxyl derivatives. 1-Formyl derivatives were oxidized to 1-carboxyl derivatives at several metabolic stages. All of these reactions resulted in the formation of 3,4-dihydroxybenzoic acid. This was further metabolized via the decarboxylation reaction to yield 1,2,4-trihydroxybenzene, which may be susceptible to the ring-fission reaction. Ring-U-14 C-labelled benzaldehyde and benzoic acid were effectively mineralized, clearly indicating that the brown-rot basidiomycetes are capable of metabolizing certain aromatic compounds to CO 2 and H 2 O, despite the fact that brown-rot fungi cannot degrade polymeric lignin. Inhibitor experiments, using hydroxyl radical scavengers, catalase and cytochrome P450 inhibitors, strongly suggested that the aromatic hydroxylation reactions found in the brown-rot fungi are catalysed by intracellular enzyme(s), but not by Fenton-reactionderived hydroxyl radicals.
INTRODUCTION
Wood-rotting basidiomycetes have been categorized into two groups, white-rot and brown-rot fungi, according to their ability to remove lignin from wood components during decay. The correlation between ligninolytic activity and Bavendamm's reaction has been known for 70 years (Bavendamm, 1928) . White-rot fungi, which are capable of degrading lignin, produce a coloured zone around mycelia on agar plates containing tannin or other phenolic substrates. The colourization is caused by extracellularly secreted phenoloxidases. Brown-rot fungi, which cannot degrade lignin, do not cause this colourization (Bavendamm, 1928 ; Kirk & Kelman, 1965 ; Sundman & Na$ se, 1971) . However, the brown-rot basidiomycetes are known to be responsible for severe decay of woody cell walls (Zabel & Morell, 1992) . Thus, brown-rot fungi effectively digest cellulosic components without removing lignin, which retards microbial attacks on woody carbohydrates (Crawford, 1981 ; Eriksson et al., 1990) . However, the residual lignin in brown-rotted wood is modified, giving a decrease of methoxyl-content and an introduction of carboxyl and phenolic hydroxyl groups (Brown et al., 1968 ; Kirk, 1975) .
The involvement of a low-molecular-mass one-electron oxidant, such as the hydroxyl radical and Fenton reagent, has been suggested for brown-rot-type wood decay (Backa et al., 1992 ; Chandhoke et al., 1992 ; Goodell et al., 1997 ; Hirano et al., 1995 Hirano et al., , 1997 Hyde & Wood, 1997 ; Koenigs, 1975) . Recently, an effective cleavage of polyether was shown to be catalysed by the 0002-5386 # 2002 SGM brown-rot basidiomycete Gloeophyllum trabeum via extracellular one-electron oxidation caused by hydroquinone-driven Fenton reaction (Kerem et al., 1998 (Kerem et al., , 1999 . Besides a partial modification of lignin, the degradation of lignin model compounds by brown-rot fungi has been reported (Enoki et al., 1985) , but neither the detail of reaction pathways nor the fate of aromatic components has been elucidated. If the Fenton type of reaction is involved in the brown-rot fungal metabolism, the effect of the hydroxyl radical on the aromatic moiety is of great interest. In this study, benzaldehyde was utilized as the aromatic substrate for the brown-rot basidiomycetes Tyromyces palustris and G. trabeum. Product analysis revealed the occurrence of benzylic oxidation and reduction. A sitespecific hydroxylation of benzaldehyde and benzoic acid was also found to be catalysed by these brown-rot fungi. Furthermore, no inhibition was observed for the hydroxylation reactions by either mannitol or thiourea, well-known hydroxyl radical scavengers. Hydroxylated intermediates were further metabolized rapidly without the occurrence of the phenoloxidase-derived radical coupling reactions which have been observed for whiterot fungi. Finally, the effective mineralization of aromatic components by the brown-rot fungi, proof of the occurrence of ring-fission reactions, was confirmed using radioactive substrates.
METHODS
Organisms. The brown-rot basidiomycetes Tyromyces palustris (IFO 30339) and Gloeophyllum trabeum (IFO 6268) were grown for metabolic studies from hyphal inocula at 30 mC in stationary cultures (10 ml medium in 100 ml flasks). The medium used in this study was as previously described, with 1 % glucose and either 1n2 or 12 mM ammonium tartrate [lownitrogen (LN) and high-nitrogen (HN) culture conditions, respectively] as the carbon and nitrogen source, at pH 6n0 (Kirk et al., 1978) . After a period of incubation under air (5 days for T. palustris, 7 days for G. trabeum), flasks were fitted with ports and were purged daily with either oxygen or air (15 min per day). Chemicals. Benzyl alcohol, benzaldehyde, benzoic acid, 3, , 3,4-dihydroxybenzoic (protocatechuic) acid, 1,4-dihydroxybenzene (hydroquinone) and 1,2,4-trihydroxybenzene were obtained from Wako Pure Chemicals. Methyl 4-hydroxybenzoate was prepared from 4-hydroxybenzoic acid refluxed in dry methanol in the presence of catalytic H # SO % . All substrates were recrystallized or purified using a silica gel column or preparative HPLC before use. Hydrogen peroxide (30 %), mannitol, thiourea and piperonyl butoxide were purchased from Wako Pure Chemicals. 1-Aminobenzotriazole was obtained from TCI. All other chemicals were reagent grade. Deionized water was obtained from Milli Q System (Millipore). Ring-U-"%C-labelled benzaldehyde was purchased from Muromachi Chemical Engineering Co. ; it was oxidized by KMnO % to obtain ring-U-"%C-labelled benzoic acid. Labelled substrates were purified by preparative TLC (ethyl acetate\hexane, 1 : 1, v\v) before use. Enzymes. Laccase, manganese peroxidase and lignin peroxidase activities in culture medium were measured as 2,6-dimethoxyphenol oxidation in the absence of H # O # and Mn II , Mn III -malonate complex formation, and veratryl alcohol oxidation activities, respectively, as previously described (Hiratsuka et al., 2001 ; Ichinose et al., 1999 ; Kirk & Farrell, 1987 ; Wariishi et al., 1992) . Catalase was commercially obtained from Sigma. Metabolic reactions. After a period of incubation as described above, the substrates were added to cultures to a final concentration of 0n5 mM. Metabolic products were analysed either by HPLC after homogenization, centrifugation (2000 g ; 5 min), and filtration (0n45 µm), or by GC-MS after extraction with ethyl acetate at pH 2, drying over Na # SO % , evaporation under N # , and derivatization using BSTFA\pyridine (2 : 1, v\v) as previously described Wariishi et al., 1989) . Fenton reaction was performed in 500 mM acetate buffer (pH 4n5) containing 5 µM FeSO % , 0n01 % H # O # and 0n5 mM benzoic acid. The reaction was initiated by the addition of H # O # , then performed at room temperature in the dark for 24 h. Effect of inhibitors. Mannitol and thiourea were added to the cultures to final concentrations of 50 and 25 mM, respectively, 5 min prior to the addition of benzoic acid. Catalase (5900 U) was added to the cultures immediately prior to the addition of benzoic acid. Piperonyl butoxide and 1-aminobenzotriazole (final concentration 2n5 mM) were added to the cultures 30-90 min prior to the addition of benzoic acid (Eilers et al., 1999 ; Hiratsuka et al., 2001 ; Ichinose et al., 1999) . The quantitative analysis was performed as described above. These inhibitors were added immediately prior to the addition of H # O # when examined in the Fenton reaction system. Products were analysed using HPLC as described above after centrifugation and filtration.
Mineralization of 14 C-labelled substrates. Ring-U-"%C-labelled substrates (benzaldehyde or benzoic acid) were added to cultures (10% d.p.m. per flask), which were purged with oxygen or air as described above. Evolved "%CO # was trapped in a basic scintillation fluid as previously described (Kirk, 1975 ; Valli & Gold, 1991) and radioactivity was measured in a Beckman LS-6500 scintillation counter. The efficiency of "%CO # trapping after 10 min purging was greater than 98 %. The residual radioactivity in flasks was determined after mixing the medium with a Beckman Ready-Solv scintillation cocktail. The counting efficiency was monitored with an automatic external standard. Chromatography and spectrometry. GC-MS was performed with a JMS-AM II 15 mass spectrometer (JEOL) at 70 eV fitted with a Shimadzu GC-17A gas chromatograph and a fused silica column (30-m DB-5, J & W Scientific). The GC temperature was programmed from 80 to 280 mC at 8 mC min − ". Products were also analysed by HPLC using an STR ODS-II column (Shimadzu) with a linear gradient from 20 % acetonitrile in 0n05 % phosphoric acid to 100 % acetonitrile in 16 min (flow rate 1n0 ml min − "). A UV detector at 210, 254 or 280 nm was used for monitoring the substrate and products. Products were identified by comparison of their retention times on GC and HPLC and of their mass fragmentation patterns with standards. Quantitative analysis was achieved by HPLC using calibration curves prepared with standards.
RESULTS

Metabolism of benzaldehyde
Products obtained from the metabolism of benzaldehyde by the two brown-rot fungi are shown in Fig. 1 and Table 1 . Benzyl alcohol and benzoic acid were the major products. Five hydroxylated intermediates, 4-hydroxybenzaldehyde, 4-hydroxybenzoic acid, protocatechualdehyde, protocatechuic acid and hydroquinone, were also found as trace products. Methyl 4-hydroxybenzoate was found only in cultures of T. palustris (Fig. 1) . No formation of quinones was observed. Although de novo synthesis of certain aromatic compounds by brown-rot fungi has been reported (Goodell et al., 1997 ; Paszczynski et al., 1999) , the control cultures of T. palustris and G. trabeum exhibited no formation of any of the compounds shown in Fig. 1 .
When benzoic acid was added to cultures of the brownrot fungi, products identical to those from benzaldehyde were observed (Fig. 1) . 4-Hydroxybenzaldehyde was converted to protocatechualdehyde, 4-hydroxybenzoic acid, protocatechuic acid and hydroquinone. Protocatechualdehyde was converted to protocatechuic acid and trihydroxybenzene. 4-Hydroxybenzoic acid was metabolized to protocatechuic acid, hydroquinone and trihydroxybenzene. Protocatechuic acid was converted to trihydroxybenzene (Fig. 1) . A methyl esterification reaction occurred on benzaldehyde and benzoic acid but not on 4-hydroxybenzaldehyde and 4-hydroxybenzoic acid (Fig. 1) . Methyl 4-hydroxybenzoate was not further metabolized by T. palustris, showing that it is a deadend product.
Time-course of metabolism
To better understand the metabolic pathway, the timecourses of the disappearance of the substrate and the formation of products were monitored using HPLC. benzoic acid was accumulated in the early stages of incubation and disappeared after day 2, indicating that benzoic acid was a metabolic intermediate and was further converted to 4-hydroxybenzoic acid, protocatechuic acid, hydroquinone and trihydroxybenzene (Fig.  2) . Since benzaldehyde was also directly hydroxylated to yield 4-hydroxybenzaldehyde and protocatechualdehyde ( Fig. 1) , those intermediates were also exogenously added to T. palustris cultures as substrates. They were effectively oxidized to the corresponding acid, and further metabolized (Fig. 3) . Hydroquinone and trihydroxybenzene were metabolized but no formation of products was observed (Fig. 4) . It is also noteworthy that absolutely no activity of lignin and manganese peroxidases, or laccase, was observed at any stage of incubation. Nor was formation of coloured product, indicative of radical coupling reactions, observed when phenolic substrates were added to the cultures. A comparison of substrate disappearance rates in HN and LN cultures showed that the rates were about twice as fast in the HN cultures, which was proportional to the dry weight of mycelia (data not shown). Nonspecific adsorption of the substrates was estimated by feeding them to azide-treated cells. The addition of all the substrates shown in Fig. 1 to cultures of the brownrot fungi, 10 min after the addition of 1 mM sodium azide, resulted in the quantitative recovery of the substrates, indicating that non-specific adsorption of the substrates is not significant. Recovery of aromatic compounds (remaining substrate plus aromatic intermediates) from the cultures either 4 or 48 h after substrate addition was determined. After 4 h incubation of benzaldehyde and benzoic acid with the brown-rot fungi, 85-95 % recovery of aromatic components was observed ; but after 48 h incubation, recovery fell to 35-55 %. These results strongly suggest the occurrence of ring fission by the brown-rot fungi. Purging with 100 % oxygen (15 min per day) did not affect either the rate or the recovery for any of the substrates.
Mineralization of aromatic compounds
To further characterize the non-quantitative recovery of aromatic components (including quinones), ring-U-"%C-labelled substrates were utilized. Fig. 5 shows the liberation of "%CO # from benzaldehyde and benzoic acid by T. palustris and G. trabeum, indicating the occurrence of the mineralization of aromatic components. CO # liberation rates were somewhat faster with G. trabeum.
Effect of hydroxyl radical scavengers on metabolism
The addition of mannitol (50 mM) or thiourea (10 mM) to the culture media of T. palustris and G. trabeum during the metabolism of benzoic acid had no effect on either products or the rates of reactions ( Table 2 ). The addition of catalase (5900 U) also had no effect on fungal conversion of benzoic acid. On the other hand, a Fentonreagent-driven conversion of benzoic acid to 4-hydroxybenzoic acid was completely inhibited by adding mannitol, thiourea or catalase ( Table 2 ). The effect of the cytochrome P450 inhibitors piperonyl butoxide (Franklin, 1972 ; Murray & Reidy, 1990) and 1-aminobenzotriazole (Ortiz de Montellano & Mathews, 1981) on the fungal degradation of benzoic acid was investigated. The effect of these inhibitos on fungal growth was minimal as indicated by the measurement of mycelial dry weight (data not shown). The absence of any inhibitory effect of P450 inhibitors on activities of fungal extracellular oxidases and "%CO # release from ["%C]glucose was also reported (Eilers et al., 1999 ; Hiratsuka et al., 2001) . Table 2 shows that the production of 4-hydroxybenzoic acid was partially, but not completely, inhibited by piperonyl butoxide and 1-aminobenzotriazole. One possible explanation for incomplete inhibition is the difference of incorporation rates of benzoic acid and these inhibitors. Since benzaldehyde and benzoic acid were very rapidly metabolized by the fungi (Fig. 3) , the incorporation of these compounds also seemed to be very effective. Then, the extracellular media of T. palustris after a 6 day incubation were exchanged with 500 mM phosphate 
h incubation of Fenton reaction
Control 100 100 50 mM mannitol 102p4 0 10 mM thiourea 97p3 0 5900 U catalase 98p3 0 2n5 mM piperonyl butoxide 74p9 9 6 p3 2n5 mM 1-aminobenzotriazole 41p8 101p4
buffer, pH 6n0. The mycelial mat was washed once with the buffer containing 50 mM mannitol and 5 mM EDTA, then twice with the buffer. The conversion of benzoic acid to 4-hydroxybenzoic acid occurred effectively after exchanging the extracellular medium (1n0-1n3 fold relative to the data shown in Fig. 3 ), indicating that the extracellular hydroxyl-radical-producing system is not involved in aromatic metabolism and that benzoic acid is very effectively incorporated into fungal cells.
DISCUSSION
The brown-rot fungi, which are taxonomically very similar to the white-rot basidiomycetes, are woodrotting fungi that decompose and preferentially remove carbohydrates, cellulose and hemicellulose. Bavendamm's reaction has indicated that the brown-rot fungi do not secrete phenoloxidases (Bavendamm, 1928 ; Kirk & Kelman, 1965 ; Sundman & Na$ se, 1971) . Although laccase-like activity was recently found in G. trabeum cultures, the expressed level of the activity was reported to be 1000-fold less than that of the white-rot fungal control (D'souza et al., 1996) . Furthermore, our data in this study clearly indicate that laccase does not play a role in the metabolism of phenolic and non-phenolic aromatics by brown-rot fungi.
Metabolic pathway and mechanisms of benzaldehyde
Benzaldehyde was mainly converted to benzyl alcohol and benzoic acid by T. palustris and G. trabeum ( Figs  1-4) . Although the conversion of benzaldehyde to alcohol was the main pathway ( Fig. 2) , benzyl alcohol was not further converted except for reoxidation back to benzaldehyde (data not shown). Thus, the oxidation of the formyl group to a carboxyl group seemed to be more important than the reduction during the metabolism. The reduction to form a hydroxymethyl group may be required to control the concentration of benzaldehyde in the fungal system because of its possible toxicity to the fungi. 4-Hydroxybenzaldehyde was converted to 4-hydroxybenzoic acid ; on the other hand, no formation of 4-hydroxybenzaldehyde was observed from exogenously added 4-hydroxybenzoic acid, suggesting that the enzyme(s) involved in the conversion of benzaldehyde and benzoic acid may not catalyse that of 4-hydroxyl derivatives. 4-Hydroxybenzaldehyde and protocatechualdehyde seemed to be further metabolized via an intermediate formation of the corresponding acid (Fig. 3b, c) .
Benzaldehyde and benzoic acid, especially benzoic acid, were effectively hydroxylated specifically at the C-4 position (Figs 1, 2 and 3a) . Hydroxylation reactions were also involved in the formation of protocatechualdehyde and protocatechuic acid. From the present data, it is strongly suggested that the hydroxylation reactions play key roles in the metabolism of benzaldehyde by the two brown-rot fungi utilized in this study. The hydroxylation reaction is very common and essential in the microbial degradation of aromatic compounds. The white-rot fungi cause aromatic hydroxylation through peroxidase-catalysed quinone formation followed by the action of quinone reductase (Brock & Gold, 1996 ; Gold et al., 1989 ; Kirk & Farrell, 1987 ; Tien, 1987 ; Valli & Gold, 1991 ; Valli et al., 1992) , as well as through the action of cytochrome P450s (Bezalel et al., 1996 ; Hiratsuka et al., 2001 ; Ichinose et al., 1999 Ichinose et al., , 2002 Masaphy et al., 1996) . It has also been reported that the hydroxyl radical might be formed by the brown-rot fungi during wood decay. A Fenton-type mechanism for hydroxyl radical generation by the brown-rot fungi has been proposed (Backa et al., 1992 ; Chandhoke et al., 1992 ; Goodell et al., 1997 ; Hirano et al., 1995 Hirano et al., , 1997 Hyde & Wood, 1997 ; Kerem et al., 1998 Kerem et al., , 1999 Koenigs, 1975) . In the present study, the addition of hydroxyl radical scavengers or catalase to cultures of brown-rot fungi during benzoic acid metabolism did not inhibit the production of 4-hydroxybenzoic acid (Table  2) . However, this observation does not exclude the formation of a hydroxyl radical by brown-rot fungi as reported in previous studies. We assume that fungal production of a hydroxyl radical might be more influen- tial for extracellular reactions, which seems to be advantageous for polymer degradation such as carbohydrates and polyethylene oxide, as previously reported (Hirano et al., 1995 (Hirano et al., , 1997 Kerem et al., 1998) . At this time, it is not possible to propose one definitive catalytic mechanism involved in the hydroxylation reactions observed in this study. However, the peroxidasecatalysed quinone formation can at least be eliminated, since no activities of peroxidalaccases were observed. Our preliminary observations indicated that cytochrome P450 inhibitors showed some inhibitory effect ( Table 2 ). The involvement of intracellular cytochrome-P450-mediated hydroxylation reactions in the metabolism of monomeric aromatic compounds by brown-rot fungi needs to be investigated. Identification of cytochrome P450 in brown-rot fungi is now being attempted. Both brown-rot fungi yielded almost identical products from benzaldehyde. Methylation of 4-hydroxybenzoic acid was only seen with T. palustris. Except for this methylation reaction, both fungi metabolize benzaldehyde by the same mechanism. The rate of benzaldehyde metabolism was twice as fast with G. trabeum (data not shown). That is partly because G. trabeum did not accumulate the dead-end product methyl 4-hydroxybenzoate, whereas T. palustris did so. From the comparison of disappearance rates shown in Fig. 4 , hydroquinone seemed to be converted to trihydroxybenzene and further degraded. The low level of accumulation of trihydroxybenzene during benzaldehyde metabolism (Fig. 2) suggested that this compound might be a direct substrate for the ring-fission reaction. The occurrence of the ring-fission reaction was proved by "%C-labelling experiments (Fig. 5 ). All these data allow us to propose the reaction pathways of benzaldehyde by the brown-rot fungi (Fig. 6) . The oxidation and reduction at the benzylic position occur simultaneously, forming benzyl alcohol and benzoic acid as major products. Hydroxylation reactions, which seem to be a key step, occur on benzaldehyde and benzoic acid, but not on benzyl alcohol, to form corresponding 4-hydroxyl and 3,4-dihydroxyl derivatives. 1-Formyl derivatives are oxidized to 1-carboxyl derivatives at several metabolic stages. All these reactions result in the formation of 3,4-dihydroxybenzoic acid. This is further metabolized via the decarboxylation reaction to yield 1,2,4-trihydroxybenzene, which may be susceptible to the ring-fission reaction. It may be too early to make broad generalizations about the reaction mechanism of the brown-rot fungi ; however, at least the two fungi used in this study share the same mechanism.
